The purpose of the study has been to determine the direct and residual effect of farmyard manure and composts made from sewage sludge on the content and uptake of copper and zinc by crops growing in a four-field crop rotation system. In 2004-2007, a field experiment was established on proper grey-brown podzolic soil, originating from light boulder clay, rich in P, moderately abundant in K and low in Mg, whose reaction was pH = 5.04. The experiment involved a four-field crop rotation cycle with the following crops: potato, spring barley, winter oilseed rape and winter wheat. The design of the experiment, set up according to the random block method, consisted of 8 object (2 x 4): 1) FYM, 2) composted sewage sludge, 3) compost (sewage sludge + straw), 4) dried and granulated sewage sludge. The composts and farmyard manure were applied once in the rotation system (under potato) at a rate of 10 t d.m. ha -1 or twice, each time 5 t d.m. ha -1 (under potato and under winter oilseed rape). In the objects fertilized with organic fertilizers and manure, nitrogen was balanced to 150 kg⋅ha -1 (under potato) and to 120 kg⋅ha -1 (under oilseed rape) depending on their total content of nitrogen. Spring barley and winter wheat received only mineral fertilizers. Before the experiment was set up, samples of soil, manure and composts had been collected for determination of Cu and Zn in 1 mol HCl dm -3 by atomic absorption spectrophotometry.
was exerted by soil fertilization with dried and granulated sewage sludge. The index of copper and zinc uptake was to a greater degree conditioned by the species of a crop than by the type of fertilizers or their application method. Municipal sewage sludge and sewage sludge composts can be used as a substitute of manure in farms which do not keep farm animals.
INTRODUCTION
The current conditions in agriculture stimulate the importance of micronutrients, which can be easily depleted due to the dramatically lower FYM fertilization, especially at farms which do not keep farm animals. A possible alternative to farmyard manure is the application of sewage sludge, which consists mostly of organic substance, which in turn lends it-′ ′ ′ ′ ′ self readily to composting (KLASA et al. 2007 , MAZUR 1996 , SIUTA 1996 . Good quality compost can be applied in crop production at rates and frequencies analogous to those of FYM fertilization (ANDRUSZCZAK et al. 1988 , HRYÑCZUK et al. 2000 , KACZOR et al. 2006 .
The objective of this study has been to determine the direct and residual effect of FYM and sewage sludge composts on the content of copper and zinc as well as their uptake by crops grown in a four-field crop rotation system.
MATERIAL AND METHODS
A field experiment was conducted at the Experimental Station in Ba³cyny near Ostróda from 2004 to 2007. The experiment was established on proper grey-brown podzolic soil, originating from light boulder clay, which was highly abundant in available P, moderately abundant in K and poor in Mg. The soil reaction was pH 5.04 in 1 mol KCl dm -3 . The experimental crops were grown in the following four-field crop rotation system: potato, cv. Jssia, spring barley, cv. Justyna, winter oilseed rape, cv. Californium and winter wheat, cv. Zyta. The experiment was set up according to a random block design and comprised eight objects (2 x 4): 1) farmyard manure (FYM), 2) composted sewage sludge, 3) compost (sewage sludge + straw at a ratio of 1:0.5), 4) dried and granulated sewage sludge. The sewage sludge for the tests came from two wastewater treatment plants: one in Ostróda (object 2) and the other one in I³awa (objects 3 and 4). The composts and FYM were applied once in the whole crop rotation system (under potato) at a rate of 10 t d.m. ha -1 or twice (under potato and winter rape) at a rate of 5 t d.m. ha -1 each time. In the objects fertilized with organic fertilizers or manure, nitrogen was balanced to 150 kg⋅ha -1 (under potato in 2004) and to 120 kg⋅ha -1 (under winter oilseed rape in 2005), depending on the total content of nitrogen. Spring barley (N-90, P-26 and K-100 kg⋅ha -1 ) as well as winter wheat (N-120, P-26 and K 100 kg⋅ha -1 ) received only mineral fertilization. The concentration of micronutrients in the composts was presented in another paper (BOWSZYS et al. 2009 ).
Before the experiment was established, samples of soil, manure and composts had been taken to determine the content of Cu and Zn in 1 mol HCl dm -3 using atomic absorption spectrometry with an aid of an AA-6800 Shimadzu device (Table 1) .
The plant material, sampled during the technological maturity phase, was first mineralized in a mixture of nitrogen (V) and chloric (VII) acids and then assayed for the content of Cu and Zn. The determination of the elements was conducted on an AA-Schimadzu apparatus by atomic absorption spectrophotometry.
The results (from replications) underwent analysis of variance, testing the significance of differences at p=0.05.
RESULTS AND DISCUSSION
Some authors claim that the uptake of copper and zinc by plants from sewage sludge as well as the distribution and accumulation of these elements in particular plant organs can be conditioned by certain differences between botanic families and species of plants (BORKOWSKA et al. 1996 , BAVAC-QUA et al. 1993 , MISHRA et al. 1995 . The response of the four crops to the organic fertilizers tested in this experiment was to a greater extent dependent on the species and organs of plants as well as on the type of a fertilizer applied than on the actual fertilization method (Tables 2, 3 ).
The highest content of copper (5.04 mg kg -1 d.m.) was found in potato tubers grown in soil fertilized with dried and granulated sewage sludge (Table 2). Potato plants cultivated on the other objects were characterised by similar levels of copper (on average 4.60 mg⋅kg -1 d.m.). By adding a second rate of sewage sludge under winter oilseed rape (the series 2 × 5 t d.m. ha -1 ), elevated concentration of copper in rape seeds was obtained. The average increase, depending on the form of sewage sludge used, was around 7%. In turn, the content of copper in rape straw collected from all the objects was approximately the same, reaching on average 1.47 mg⋅kg -1 d.m.
No significant residual effect of the tested organic fertilizers (sewage sludge) has been found on the content of copper in the cereal plants tested. The grain of spring barley and winter wheat fertilized with FYM appeared to be richer in copper (5.52 and 3.72 mg⋅kg -1 d.m., respectively). The straw of these two cereal plants sampled from any of the objects had a similar concentration of this micronutrient, on average 1.72 and 1.20 mg⋅kg -1 d.m., respectively.
The direct influence of the bio-waste fertilizers on the content of zinc in potato tubers was significantly varied mainly due to the rate of a fertilizer applied (Table 3 ). In the objects which received 10 t d.m. ha -1 in a single dose, the concentration of zinc in potato tubers was on average 13% higher than in the objects which received two doses of fertilizers, 5 t d.m. ha -1 each. Moreover, MAAEKOWIAK et al. (1999) demonstrated that tubers of potato fertilized with sewage sludge composts accumulated less zinc than the ones receiving mineral fertilizers.
The way the manure and composts were introduced to soil in the crop rotation system did not play a significant role in the accumulation of zinc in oilseed rape seeds, with an average level of this element being 39.49 (the series 10 t d.m. ha -1 ) and 40.63 mg Zn ka -1 d.m. (the series 2 x 5 t d.m. ha -1 ). Fertilization of soil with dried sewage sludge or composted sludge alone raised the content of zinc in spring barley grain by 7% and in winter wheat grain by 27%, as compared to the objects treated with FYM. WO£OSZYK et al. (2004) found out that the direct effect of composts consisted of increasing the content of copper and zinc in oilseed rape seeds, whereas the residual effect of these fertilizers modified the content of zinc more profoundly than that of copper in wheat grain and straw. Also HRUÑCZUK et al. (2000) noticed more Cu and Zn in grain of wheat fertilized with sewage sludge than that nourished with farmyard manure, although the differences were not statistically proven.
The removal of copper and zinc with harvested crops depended mainly on the type of a fertilizer applied (Figures 1, 2) . The highest copper removal with potato (on average 61.5 g⋅ha -1 ) and oilseed rape (on average 31.6 g⋅ha -1 ) yields occurred when dried or composted sewage sludge had been applied in a single dose of 10 t d.m. ha -1 . The cereal crops, in contrast, took up most of copper in the objects fertilized with FYM, irrespective of the way it had been introduced to soil (single or split dose). The respective values were 56.9 and 39.6 g⋅ha -1 . Potato as well as the cereals took up most zinc from the soil which had received 10 t d.m. ha -1 of dried and granulated sewage sludge, whereas oilseed rape accumulated most zinc when fertilized with an analogous dose of composted sewage sludge. Studies reported by other researchers seem to confirm that sewage sludge stimulates the uptake of copper and zinc by plants (KACZOR et al. 2006 , HANEKLAUS et al. 1999 .
The index of copper uptake depended on a plant species (81-82% for cereals and ca 64% for oilseed rape) and, to some extent, on the type of a fertilizer used (Figure 1 ). For spring barley and winter wheat, the index was higher when FYM had been used (ca 83%). The sewage sludge composts slightly depressed the contribution of grain to the total accumulation of copper. As regards winter oilseed rape, the highest Cu uptake index was obtained when composted sewage sludge (with or without straw) had been introduce to soil, especially in the series consisting of two doses of 5 t d.m. fertilizer per ha.
The grain of the two cereal plants accumulated on average from 79% (wheat) to 88% (barley) of zinc, whereas rape seed gathered about 75% of this element (Figure 2) . As for the cereals, the sewage sludge composts only slightly increased the contribution of grain to retaining zinc, while for oilseed rape the highest value of the uptake index was attained when dried and granulated sewage sludge had been used.
The total removal of copper and zinc in the four-field crop rotation system is shown in Figure 3 . The crops growing on the objects fertilized with FYM or dried and granulated sewage sludge took up, respectively, 161 and 164 g Cu⋅ha -1 . Soil fertilization with composted sewage sludge (with or without straw) made it possible to keep the uptake of this micronutrient at an average level of 153-155 g⋅ha -1 . When the composts were applied twice dur- ing the crop rotation cycle (series 2 × 5 t d.m. ha -1 ), the uptake of Cu was raised only slightly. The highest total uptake of zinc was found following the application of sewage sludge fertilizers -dried and composted sewage sludge (respectively, 1135 and 1060 g⋅ha -1 ). Plants growing on the objects fertilized with sewage sludge composted with straw took up similar amounts of zinc as those fertilized with FYM.
CONCLUSIONS
1. The content of copper and zinc in crops was more strongly modified by the form of sewage sludge and sewage sludge composts than by the way these fertilizers were introduced to soil.
2. Fertilization of soil with dried and granulated sewage sludge or composted sewage sludge alone increased the content and uptake of copper by potato and winter oilseed rape yields; as for the cereal crops, the analogous values were higher when the plants were fertilized with farmyard manure.
3. The content of zinc and its uptake by the crops was most strongly affected by fertilization with dried and granulated sewage sludge.
4. The index of copper and zinc removal depended on the species of a plant rather than the type of a fertilizer and the application method.
5. Municipal sewage sludge, and sewage sludge composts in particular, can be used as a substitute of FYM in farms which do not keep farm animals.
